The graphene material prepared by the chemical reduction method usually has oxygenic functional groups in it and such functional groups often result in interactions between the graphene electrode and the electrolyte in supercapacitors. We have examined the existential form of interactions between graphene as the electrode and three kinds of ionic liquid, 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (EMI-TFSI), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF 4 ), and 1-methyl-1-propylpiperidinium bis (trifluoromethyl sulfonyl) imide (MPPp-TFSI), as the electrolyte of a supercapacitor. Mass spectroscopy (MS) and Fourier transform infrared spectroscopy (FT-IR) analyses confirmed that the residual hydroxyl groups in graphene were transferred to EMI + and TFSI À lost oxygen atoms to graphene, while little reaction took place in BF 4 À or MPPp + , during the process of charging. The chemical reactions are suggested to contribute to the device capacitance while it is also one of the reasons for the decreased electrochemical stability window. In this study the highest energy density achieved using the graphene electrode is 169 Wh kg À1 in MPPp-TFSI electrolyte charged to 4.4 V.
Introduction
To meet the growing energy demand, many devices have been developed for energy storage applications. To evaluate the performance of an energy storage device, two quantities are commonly used: the energy density and power density. Higher energy density will lead to a longer service time and higher power density means a shorter charging/discharging time. Compared with other energy storage devices, the merits of electric doublelayer capacitors, which are also often called supercapacitors, are their high power density and long lifetime [1] . To improve its energy density while keeping its high power density, various structures of carbon have been the material of choice for the electrode [2] [3] [4] . In recent years, graphene has attracted a lot of attention for the application as supercapacitor electrode material due to its excellent conductivity and large specific surface area owing to its unique two-dimensional structure [5] [6] [7] [8] [9] .
However, there are still problems that have limited the further improvement of energy density in supercapacitors with graphene electrodes. One is the re-stacking of graphene sheets due to the van der Waals attractions after reduction, which will decrease the specific surface area [10] . To solve this problem, single-wall carbon nanotubes (SWNTs) and graphene (SWNT/graphene) composites have been developed which exhibited great advantages as the active material for supercapacitor electrodes [7, 11] .
Besides the electrode materials, the electrolyte will also have a significant impact on the performance of supercapacitors. Various ionic liquids have been investigated as the electrolyte to take advantage of their wider electrochemical stability window [12] [13] [14] . The interactions between the carbon electrode and the ionic liquid electrolyte also affect the electrochemical performance of the supercapacitors. In particular, the oxygenic functional groups on the carbon electrode can involve substantial interfacial interactions with the ionic liquid electrolyte as having been demonstrated both experimentally and theoretically [14] [15] [16] [17] [18] [19] . In this study, using mass spectroscopy (MS), Fourier transform infrared spectroscopy (FT-IR), and electrochemical characterization techniques, we have examined three different ionic liquids to investigate their respective electrochemical reactions with the SWNT/graphene electrode when the ionic liquid was used as the electrolyte in a symmetric supercapacitor: 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (EMI-TFSI), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF 4 ), and 1-methyl-1-propylpiperidinium bis (trifluoromethylsulfonyl) imide (MPPp-TFSI). The selection of these ionic liquids is largely due to their wider electrochemical stability window and good electric conductivity in comparison with other ionic liquids [20] . Basing on the results obtained in this study, a highest energy density of 169 Wh kg À1 was achieved for the graphene electrode in a symmetric supercapacitor charged to 4.4 V using MPPp-TFSI as the electrolyte.
Experimental
Graphene oxide (GO) was prepared from graphite using the Hummers method [21] . Single-wall carbon nanotubes were first dispersed by sonication in distilled water using sodium dodecylbenzenesulfonate (SDBS) as surfactant. SWNT/GO composite was then prepared by mixing the dispersions of SWNT and GO powders before it was reduced by hydrazine at 98 C for 24 hours. The reduced material was rinsed with water and filtered for several times until it became neutral after removing SDBS. The SWNT/graphene composite was eventually obtained as black powders. The coin cell supercapacitor was assembled in the structure as illustrated in Fig. S1 (Supplementary Information) .
The ionic liquids with purity 99.9% were purchased commercially (EMI-TFSI from Solvionic, EMI-BF 4 and MPPp-TFSI from ToyoGosei). The chemical structure of the ionic liquids was characterized by mass spectroscopy (MS) using AMR Zaplous LC/MS System and Fourier transform infrared spectroscopy (FT-IR) using JASCO FT/IR-6100. Fig. S1 (Supplementary Information) shows schematically the preparation of electrolyte samples for MS and FT-IR characterization. After completing the charging-discharging process, the electrolyte sample was extracted from the disassembled coin cell supercapacitor using a syringe. For FT-IR characterization, the extracted electrolyte was used directly. For MS characterization, the extracted electrolyte was diluted with acetone to a concentration of 0.2 mol L
À1
. The electrode samples were taken directly from the dissembled the coin cell supercapacitor and they were rinsed in acetone and dried in vacuum. The functional groups on the electrode surface were characterized using x-ray photoelectron spectroscopy (XPS; ULVAC-PHI Quantera SXM) with a twin anode Al Ka x-ray source and hemispherical energy analyzer. The energies were calibrated against the aliphatic carbon C1s peak at 284.5 eV.
Electrochemical characterization was carried out using a multichannel VMP-300 electrochemical workstation.
In order to find out the threshold voltage beyond which electrochemical reactions take place between the ionic liquid electrolyte and the SWNT/graphene electrode during charging, the electrochemical stability window was measured using a threeelectrode system with Pt as the counter electrode, silver-silver ion (Ag/Ag + ) as the reference electrode, and Pt or SWNT/graphene composite as the working electrode, respectively. To avoid the interference of water and oxygen in the air, the measurement was carried out in a glove box. Fig. 1 shows the plot of current (mA) vs. voltage (V) acquired experimentally for the three different ionic liquid electrolytes and the results are also summarized in Table 1 . The electrochemical stability window herein refers to the range of applied potentials in which no electrochemical reactions would take place. When the working electrode is Pt, the inflection points on the I-V curves (colored black) are due to the decomposition of the ionic liquid electrolyte and therefore the corresponding voltage is the decomposition voltage for each of the three ion liquids: (a) EMI-TFSI (4.6 V), (b) EMI-BF 4 (4.6 V), and (c) MPPp-TFSI (5.8 V) [22] . However, in the same ionic liquid, the inflection point (colored red) started to appear before the electrode reached the decomposition voltage when the SWNT/graphene composite was used as the working electrode as shown in the I-V curves (colored red) in Fig. 1 . The inflection points on the red curves are therefore attributed to the electrochemical reactions between the ionic liquid electrolyte and the SWNT/graphene electrode [23] .
Results and Discussion

Reactions in Electrolyte
As indicated in Fig. 1 and Table 1 , electrochemical reactions between the SWNT/graphene electrode and the EMI-TFSI or EMI-BF 4 ionic liquid would occur when the voltage between the two electrodes was in the range of 3.7 and 4.6 V. Electrochemical reactions would occur between the SWNT/graphene electrode and the MPPp-TFSI electrolyte when the voltage between the two electrodes was in the range of 4.0 and 5.8 V using ionic liquid electrolyte MPPp-TFSI.
To study the electrochemical reactions occurred to the EMI-TFSI ionic liquid electrolyte in the charged supercapacitor, we examined the electrolyte that was extracted from the coin cell supercapacitor after it was charged to 4.0 V. Fig. 2 shows the mass spectrum of the extracted electrolyte together with the mass spectrum of pristine ionic liquid EMI-TFSI. As expected, there are only two peaks in the mass spectrum ( Fig. 2(a) ) of pristine EMI-TFSI with mass-to-charge ratio (m/z) of 111 and 280, corresponding to the EMI + and TFSI À ions, respectively [24] . However, there appeared two additional peaks in the spectrum of used electrolyte ( Fig. 2(b) ), indicating new products from the electrochemical reactions in used EMI-TFSI. According to the changed mass of the ion from 111 to 129, the new peak at 129 is attributed to an addition to EMI + of a hydroxyl group (-OH + H) broken away from the graphene electrode [25] and the new peak at 264 is attributed to the TFSI À ion losing an oxygen atom, as illustrated in Fig. 3 .
To elucidate the chemical nature of the associated changes in the mass of the ions, we employed Fourier transform infrared spectroscopy (FT-IR) to characterize the functional groups. The alkyl C-H stretching peak (2980 cm À1 ) was normalized as the reference for comparison [26] . In the spectrum of EMI-TFSI (Fig. 4) , it can be seen that the peak height corresponding to the double bond between sulfur and oxygen (S¼O) decreased after charging. Since TFSI À is the only source of S¼O bond, it indicates that TFSI À lost oxygen atoms due to breakage of the S¼O bond, which is in agreement with the MS analysis. Moreover, the spectrum also showed that a new peak corresponding to the single bond between O and H (O-H) appeared after charging, indicating that certain hydroxyl groups were added to EMI-TFSI. It also agrees well with the MS analysis described above. Characterization and analysis were also carried out on the pristine EMI-BF 4 and the used EMI-BF 4 electrolyte extracted from a coin cell supercapacitor after charging to 4.2 V. The MS data of EMI-BF 4 before and after charging are shown in Fig. 5 . The cation, EMI + , tends to form a dimer in EMI-BF 4 , which results in the peak at 308 in the spectrum of pristine EMI-BF 4 [16, 24] . Similarly, since the cation in EMI-BF 4 is the same as that in EMI-TFSI, the peak at 129 also showed up after charging, indicating that a hydroxyl group had been acquired by EMI + . However, no additional peak related to reaction with BF 4 À was observed. It is therefore suggested that there were no electrochemical reaction between BF 4 À and the SWNT/graphene electrode under charging. It is a significant difference from TFSI À .
More details are reflected in the FT-IR spectrum of EMI-BF 4 (Fig. 6) . Compared with EMI-TFSI, when the anion of the ionic liquid was changed to BF 4 À , the peak corresponding to the single bond between O and H (O-H) still showed up in the extracted electrolyte after charging. It supports the assumption that the hydroxyl groups are connected to EMI + , rather than BF 4 À or TFSI. 4 Pt À2.8 V $ 1.8 V (D=4.6 V) EMI-BF 4 SWNT/Graphene
When using MPPp-TFSI as the electrolyte and comparing with EMI-TFSI, the cation was changed to MPPp + and the peak at 280 in the MS spectrum (Fig. 7) did not disappear after charging. It therefore indicates that the additional product corresponding to the peak is from electrochemical reactions with TFSI À , rather than EMI + or MPPp + . In addition, there was no additional peak arisen from electrochemical reactions related to MPPp + . Fig. 8 shows the FT-IR data of MPPp-TFSI before and after charging, which agrees with the MS analysis. There was no peak arisen in the range of 3000 and 4000 cm À1 after charging, indicating that the hydroxyl groups on the electrode had little reaction with MPPp + or TFSI À .
The hydroxyl radicals (ÁOH) and hydrions are assumed to form at the edges of graphene and carbon nanotubes at high voltage and then ÁOH would attack the electropositive imidazole ring to have it attached to EMI + [25, 27, 28] . For the loss of sulfonyl oxygen in TFSI À , the S¼O bond might be protonated to S-OH first and then ÀOH would attack the attached heteroatoms in graphene and carbon nanotubes while breaking-up the S-O bond at the same time [28] [29] [30] [31] [32] .
Reactions on Electrode
Besides the electrolyte, electrochemical reactions also occurred on the SWNT/graphene electrode, which would in turn affect the performance of the graphene supercapacitor. FT-IR and XPS were applied to analyze the electrochemical reactions occurred on the SWNT/graphene electrode, which was taken out from the coin cell supercapacitor after charging. Results of analysis were compared before and after charging of the SWNT/graphene electrode in order to find out the differences of the functional groups on the SWNT/ graphene electrode using different ionic liquid electrolyte. Fig. 9 shows the FT-IR data taken from the graphene electrode before and after charging from 0 to 4.0 V in EMI-TFSI electrolyte. In the spectrum the intensity of the peak corresponding to the bond between the carbon atoms (C¼C) in the hexatomic ring is normalized as the reference for comparison. It can be seen that the peaks corresponding to the single bond between carbon and oxygen (C-O) and the single bond between oxygen and hydrogen (O-H) on the electrode decreased more than 50%, while the peak corresponding to the double bond between carbon and oxygen (C¼O) increased after charging in the EMI-TFSI electrolyte. Combining with the FT-IR analysis of EMI-TFSI, we suggest that the reduced peaks are due to the breakage of bonds between the hydroxyl groups and carbon atoms on the SWNT/graphene electrode and that the detached hydroxyl groups were added to EMI-TFSI. At the same time, the lost oxygen atoms from TFSI À became associated with the carbon atoms in SWNT/graphene by double bond, which resulted in an increase of the corresponding peak in the FT-IR spectrum.
As for the ionic electrolyte EMI-BF 4 , as shown in Fig. 10 , the peak corresponding to the single bond between oxygen and hydrogen (O-H) decreased after charging, which is similar to the results in EMI-TFSI. It is attributed to a reaction in which the hydroxyl group from graphene is captured by EMI + under charging. At the same time, the peak due to the double bond between carbon and oxygen (C¼O) in graphene stayed unchanged after charging, different from the graphene electrode charged in EMI-TFSI. Combining with the MS results, it showed that EMI-BF 4 had little reaction with the functional groups on graphene. Different from graphene electrode charged in EMI-TFSI and EMI-BF 4 , the FT-IR (Fig. 11 ) results showed that the peak corresponding to the single bond between oxygen and hydrogen (O-H) remained the same after charging in the MPPp-TFSI electrolyte. It therefore indicates that the reduction of hydroxyl groups on the SWNT/graphene electrode is due to reactions with EMI + rather than MPPp + . Fig. S2 (Supplementary Information) shows the C1s spectra of the parent SWNT/graphene electrode and the activated electrode after electrochemical loading. The decreased ratio of C-OH peak at 285.6 eV in electrode charged in EMI-TFSI and EMI-BF 4 supplements the FT-IR results [9] . Besides, the O/C ratio increased from 22.8% to 27.7% after charging in MPPp-TFSI. Combining with the characterization results of the electrolyte, the increased oxygen on the SWNT/graphene electrode is attributed to the breakage of the S¼O bond in TFSI À .
Given the close similarity in bonding between the carbon atoms, it should be noted that the electrochemical reactions discussed above could take place in both graphene and SWNTs interchangeably.
Influence on Performance of Supercapacitor
In the cyclic voltammetry (CV) measurement, a chemical reaction would result in a sudden change in the electric current, which is reflected as a redox peak on the CV curve. From the CV diagram, we can therefore expect that, when the voltage applied on the supercapacitor is larger than 3.7 V, redox peaks could appear on the CV curves for EMI-TFSI and EMI-BF 4 electrolyte due to the occurrence of chemical reactions.
However, redox peaks also appeared on the CV curves with MPPp-TFSI electrolyte even when the applied voltage was smaller than the threshold voltage required for chemical reactions with MPPp-TFSI (4.0 V). These redox peaks are attributed to the physical interactions between the electrolyte ions and the structural pores in the active material of the electrode [33] [34] [35] . Considering the fact that the size of MPPp + is larger than EMI + , chemical reactions may
be not the only interaction between MPPp-TFSI and graphene [35] . Physical interactions between pores and ions in MPPp-TFSI electrolyte are also possible to take a dominant role in the two kinds of interactions, resulting in the peaks on the CV curves of MPPp-TFSI subjected to a lower voltage. For example, penetration of ions into the pores smaller than the ions is possible [36, 37] . Table 2 lists the specific capacitance and energy density of the graphene supercapacitor calculated from the charge-discharge curves (Fig. 12) at the current density of 0.2 A g
À1
. The supercapacitor with EMI-TFSI electrolyte has a larger specific capacitance under the same charged voltage. Considering that there are more reactions between EMI-TFSI and graphene, it implies that the chemical species due to both the ionic liquid and the graphene electrode contributed to the larger capacitance. On the other hand, the largest energy density was achieved in the supercapacitor using the MPPp-TFSI electrolyte when the applied voltage reached 4.4 V. Even though the specific capacitance with MPPp-TFSI electrolyte is smaller than that with EMI-TFSI and EMI-BF 4 electrolyte, the electrochemical stability window and therefore the operating voltage is larger with the MPPp-TFSI electrolyte to lead to the highest energy density of 169 Wh kg À1 .
Conclusions
Measurement of electrochemical stability windows revealed that electrochemical reactions took place between the ionic liquid electrolyte and the SWNT/graphene electrode when the applied voltage was in the range of 3.7 and 4.6 V for EMI-TFSI and EMI-BF 4 . For MPPp-TFSI electrolyte, electrochemical reactions occurred in the range of 4.0 and 5.8 V. Using mass spectroscopy and Fourier transform infrared spectroscopy, we determined that the hydroxyl groups from SWNT/graphene were transferred to EMI + and TFSI À would lose oxygen atoms to SWNT/graphene during charging, while little reaction occurred to BF 4 À and MPPp + . The electrochemical reactions will affect the performance of graphene supercapacitors and they are one of the reasons for the Fig. 7 . MS data of MPPp-TFSI (a) before and (b) after charging. The peak at 264 is due to reaction with TFSI À after it loses an oxygen atom. Fig. 8 . FT-IR data of MPPp-TFSI before and after charging. No significant change due to charging is observed. Fig. 9 . FT-IR data of SWNT/graphene electrode before and after charging in EMI-TFSI. The peak corresponding to the hydroxyl group has an obvious drop, indicating that some of the hydroxyl groups were removed from the graphene electrode after charging. Fig. 10 . FT-IR data of SWNT/graphene electrode before and after charging in EMI-BF 4 electrolyte. Fig. 11 . FT-IR data of SWNT/graphene electrode before and after charging in MPPp-TFSI electrolyte. decreased electrochemical stability window. The largest specific capacitance under the same voltage was achieved in EMI-TFSI electrolyte while the highest energy density of 169 Wh kg À1 was achieved in MPPp-TFSI electrolyte due to a higher operating voltage of 4.4 V.
